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In this talk, I shall focus on theories beyond the Standard Model which predict massive
neutrinos. Hybrid inflation emerges naturally in these theories: the slow-rolling inflaton field
is a gauge singlet which couples with a GUT Higgs field which triggers the end of inflation. In
the standard scenario, spontaneous symmetry breaking takes place at the end of inflation at
a scale M ; MGUT > M > MZ for inflation to solve the GUT monopole problem and cosmic
strings always form at this intermediate scale. WMAP data constrain M ∈ [1014.5 − 1015.5]
GeV and the singlet-Higgs coupling κ ∈ [10−7 − 10−2]. The spectral index ns & 0.98 in slight
conflict with WMAP3. When the symmetry which is broken at the end of inflation is gauged
B − L, both the inflaton and the strings decay into right-handed neutrinos. There are then
two competing non-thermal scenarios for baryogenesis via leptogenesis which take place at the
end of inflation, during reheating and from cosmic strings decay. Which of the two scenarios
dominates depends on the inflaton-neutrino sector parameters.
1 Introduction
Up to the discovery of the ’acoustic’ peaks in the CMB power spectrum1, there were two com-
pelling mechanisms for explaining cosmological perturbations: inflation and cosmic strings 2.
Since cosmic strings predict a single peak, they are now excluded as main source of the cosmo-
logical perturbations. However, a mixed scenario with both inflation and cosmic strings with a
string contribution less than about 10% is still allowed by the data3,4. In many models with both
inflation and strings, the scalar perturbations are dominated by the scalar perturbations from
inflation, and the string contribution may be too low for detection via the CMB temperature
anisotropies. However they could be detected via the B-type polarization of the CMB5.
From a theoretical point of view, inflation is often associated with the formation of cosmic
strings. Perhaps the best particle physics motivated model of inflation is hybrid inflation 6.
It arises naturally in Supersymmetric (SUSY) Grand unified Theories (GUTs) 7,8, in effective
strings theories and in brane worlds. Naturally meaning that the fields and the potential leading
to hybrid inflation are needed to build the theory itself (I now focus on the case of SUSY GUTs)
and the coupling constant which enters is the order unity. In either cases, spontaneous symmetry
breaking takes place at the end of inflation a and cosmic strings form 8,12,13,14. In this talk I
will consider Standard hybrid inflation in the context of SUSY GUTs. And I shall be mainly
concerned about models which contain B−L as a gauge symmetry and predict massive neutrinos
via the See-saw mechanism 15.
aIn non minimal models of hybrid inflation such as shifted inflation 10 or smooth inflation 11, spontaneous
symmetry breaking takes place before or during inflation, and no defect form at the of inflation.
In section 2, I show that cosmic strings always form at the end of standard b hybrid inflation
when inflation solves the GUT monopole problem. In section 3, I study the CMB anisotropies
which are predicted by these models. Matching theoretical predictions with the data gives
constraints on two of the GUT parameters, the Spontaneous Symmetry Breaking (SSB) scale
at the end of inflation and the relevant coupling constant 16,17. In section 4, I show that when
the symmetry which is broken at the end of inflation is gauged B −L, there are two competing
non-thermal baryogenesis scenarios which take place after inflation: from reheating, and from
cosmic strings decay 18.
2 Inflation and cosmic strings
2.1 Inflation from particle physics
Inflation must come from the particle physics model describing fundamental interactions at high
energies. As a particle physicist, the first question i will ask is ’Can we get inflation from
the Standard Model?’ On general grounds, the answer is ’No’, because the inflationary energy
scale would be the order of 100 GeV which is far too low to produced the required amount
of primordial perturbations c. The next question i will ask is ’Can we get inflation from the
simplest extensions of the Standard Model?’ As an aparte´, we know since the discovery of
neutrinos oscillations that neutrinos are massive and hence that the Standard Model must be
extended. In order to explain the smallness of the observed neutrinos masses, one could just add
a gauge singlet and a tiny coupling constant. However, by adding a U(1)B−L gauge symmetry to
the Standard Model gauge group GSM = SU(3)c × SU(2)L ×U(1)Y , massive neutrinos become
a prediction 15. Adding the idea of unification of the gauge coupling constants, one is lead to
grand unified theories. So I shall rephrase the question as ’Can we get inflation from a grand
unified theory?’ At first sight, ’the unification scale MGUT ∼ 1016 GeV is just the energy scale
needed for inflation to explain the cosmological perturbations’.
It turns out that when building a model of slow-roll inflation in a theory beyond the Standard
Model three ingredients are usually needed: SUSY, which provides the required flatness of the
potential, a Standard Model singlet, the slow-rolling field, and GUT Higgs fields transforming
under a gauge group G whose rank is larger than the rank of the Standard Model gauge group,
i.e. rank(G) > 4 8,13.
2.2 Standard hybrid inflation
Hybrid inflation 6 uses two fields instead of one, a gauge singlet S and a Higgs field Φ. Hybrid
inflation is arguably the best particle physics motivated model of inflation. In the context of
SUSY GUTs, there are two Higgs superfields Φ and Φ¯ in complex conjugate representations of
the GUT gauge group GGUT which lower the rank of the group by one unit when acquiring
vacuum expectation values (VEV) at the end of inflation. The superpotential is given by
Winf = κS(Φ¯Φ−M2), (1)
where a suitable U(1) R-symmetry under which W and S transform in the same way ensures
the uniqueness of this superpotential at the renormalizable level. The scalar potential has an
inflationary valley, which is a valley of local minima, at S > M and |Φ| = |Φ¯| = 0. At tree
b
Standard refers to the standard model of SUSY hybrid inflation7 where SSB takes place at the end of inflation
cHowever it has been recently suggested that an MSSM flat direction might be suitable for inflation 19. Even
though this proposal requires strong fine-tuning, it is interesting in two ways: first of all it uses standard model
physics, and second there is no need of standard model singlet.
level, the potential along this valley is Vinfl = κ
2M2. S is the slowing rolling field and slow-
roll conditions thus apply to S. Since |Φ| = |Φ¯| = 0 during inflation, there is no symmetry
breaking induced by these Higgs fields VEV during inflation. Inflation terminates as S falls
below its critical value Sc =M and inflation ends in a phase transition during which the Higgs
fields acquire non-zero VEV equal to M : Spontaneous Symmetry Breaking (SSB) takes place
at the end of inflation. The SSB scale M and is proportional to the inflationary scale V
1/4
infl, the
proportionality coefficient being the squared root of the singlet-Higgs coupling κ.
The Higgs fields representations Φ and Φ¯ are conjugate N-dimensional representations of the
GUT gauge group. We are now focusing on GUT which contain gauged U(1)B−L and predict
massive neutrinos via See-saw. The component of of Φ (and Φ¯) which gets a VEV at the end of
inflation transforms as an Standard Model singlet, and it also transforms either as an SU(2)R
doublet or as an SU(2)R triplet. In a realistic model where there are no unwanted light fields
between the scale M and the GUT scale, it is the only component which remains light below
MGUT
17 (M <MGUT , see section 2.3). The scalar potential along the inflationary valley is flat
at tree level. It is lifted by loop corrections, which are non-zero during inflation because SUSY
is spontaneously broken, and by SUGRA corrections. Assuming minimum Kha¨ler potential it
is given by 16,17
V
κ2M4
= 1 +
κ2N
32pi2
[
2 ln
(κ2M2x2
Λ2
)
+ (x2 + 1)2 ln(1 + x−2) + (x2 − 1)2 ln(1− x−2)
]
+ 2x4
(M
mp
)4
+ |a|2x2
(M
mp
)2
+A
m3/2
M
x, (2)
where mp is the reduced Planck mass and Λ a cutoff scale; x = |S|/M so that x → 1 at the
critical point; A = 4cos(argm3/2 − argS), we assume that argS is constant during inflation;
N = 1 − 3 depending on wether the components of Φ and Φ¯ which get a VEV at the end
of inflation transform as an SU(2)R doublet or triplet and wether the symmetry group which
breaks at the end of inflation contains an SU(2)R or an U(1)R symmetry. Hidden sector VEV
which lead to low energy SUSY breaking are 〈z〉 = amp and 〈Whid(z)〉 = m3/2 exp−|a|2/2m2p,
with m3/2 the gravitino mass; the cosmological constant in the global minimum is set to zero
by hand. All subdominant terms are dropped.
2.3 Cosmic strings form at the end of standard hybrid inflation
Since SSB takes place at the end of inflation, cosmic strings always form if the later solves the
GUT monopole problem 13. The underlying reason being that the rank of the gauge group is
lowered by one unit at the end of inflation 8,13. This is illustrated in reference 12 where an
exhaustive study of all SSB breaking patterns for all GUT gauge groups with rank less than
height and phenomenologically acceptable has been performed. The aim of this section is to
understand why indeed cosmic strings form. Further details can fe found in reference 13.
Suppose that the Standard Model gauge group GSM is embedded in a GUT gauge group
GGUT . This must be broken down to GSM at around MGUT ∼ 1016 GeV, which is the scale at
which the gauge couplings unify
GGUT
MGUT→ ...→ GSM 10
2 GeV→ SU(3)c × U(1)Q. (3)
In SUSY, the breaking of GGUT down to GSM can be direct of via intermediate symmetry
groups, whereas in the non SUSY case there must be at least one intermediate step. If (some
of) the Higgs fields used to break GGUT have a superpotential given by Eq.(1)
d, inflation takes
place and the spontaneous symmetry breaking of GGUT takes place at the end of inflation. But
dThe rank of GGUT has to be strictly greater than the rank of GSM
13
in this scenario, cosmologically catastrophic monopoles which ought to form in all GUTs, form
after inflation. In order to cure the monopole problem, one must introduce an intermediate
symmetry group H, a subgroup of GGUT , and use Φ, Φ¯ not to break the GUT itself but this
intermediate symmetry group H; the symmetry breaking scale M of H is < MGUT . H must be
chosen in such a way that the monopoles form between GGUT and H and no unwanted defect
form when H breaks down to GSM
GGUT
Monopoles→ ...H Φ,Φ¯, No unwanted defect→ ...→ GSM 10
2 GeV→ SU(3)c × U(1)Q. (4)
It can be shown that the rank of H must be greater than five, that it must contain a U(1)
factor 8,13, and that cosmic strings always form when H breaks down to GSM
8,12,13.
GGUT
Monopoles→ ...H Inflation, Cosmic Strings→ ...→ GSM 10
2 GeV→ SU(3)c × U(1)Q. (5)
3 CMB constraints and predictions
If the strings which form at the end of inflation are stable down to low energy, they will contribute
to the CMB temperature anisotropies. The perturbations from inflation and cosmic strings are
uncorrelated and they add up independently 8
(δT
T
)
tot
=
√(δT
T
)2
inf
+
(δT
T
)2
cs
. (6)
The inflation contribution to the quadrapole is
(δT
T
)
inf
=
1
12
√
5pim3p
V 3/2
V ′
∣∣∣∣∣
σ=σQ
, (7)
with a prime denoting derivative w.r.t. the real normalized inflaton field σ =
√
2|S|, and the
subscript Q denoting the time observable scales leave the horizon. V is the scalar potential along
the inflationary trajectory given by Eq.(2). The tensor perturbations from inflation (δT/T )tens ∼
10−2H/mp are very small.
The string induced perturbations are proportional to the string tension (δT/T )cs = yGµ,
with µ the tension and y parameterizing the density of the string network. Recent simulations
predicts y = 9 ± 2.5 20, but values in the range y = 3 − 12 can be found in the literature 2.
The strings are formed by the Higgs fields Φ and Φ¯ which wind around the string in opposite
directions. They are not BPS and do not satisfy the Bogomolnyi bound and hence they are
lighter than BPS strings forming at the same energy scale 16. The string tension is
µ = 2piM2θ(β), with θ(β) =∼ 2.4 ln(2/β)−1 (8)
where the function θ encodes the correction away from the BPS limit and β = (mφ/mA)
2 ≃
(κ/gGUT)
2 with g2GUT ≈ 4pi/25. Requiring the non-adiabatic string contribution to the quadrupole
to be less than 10% gives the bound 16
Gµ < 2.3× 10−7
(9
y
)
⇒ M < 2.3 × 1015
√
(9/y)
θ(β)
. (9)
The bound which comes from pulsar timing (the stochastic gravitational wave background
produced by cosmic strings can disrupt pulsar timing and this has not been observed) is
Gµ < 1.0 × 10−7 21; it is more stringent, but it has also more uncertainties. It corresponds
to the 10% bound with y = 20.7.
Temperature anisotropies from both inflation and cosmic strings depend on two parameters,
the SSB scale M of the intermediate symmetry group H, see Sec 2., and the singlet-Higgs
coupling constant κ, see Eq.(1). Matching the theoretical predictions with the observed value
(δT/T ) = 6.6 × 10−6 4 gives a constrain on M versus κ, see figure 1 16,17. The intermediate
symmetry breaking scale must be very close to the GUT scale, M ∈ [1014.5 − 1015.5] GeV and
the coupling constant κ ∈ [10−7 − 10−2]. If the strings are unstable 17, larger values of κ are
allowed.
The spectral index ns is calculated using the slow-roll parameters and also depends on the
singlet-Higgs coupling constant κ; it is also shown on figure 1 16,17. ns is undistinguishable
from unity for small values of κ, smaller than unity for intermediate values of κ and bigger than
unity for large values of κ. It is extremely difficult to get a spectral index smaller than 0.98
with hybrid inflation except maybe with non-minimal models 27. This is in slight conflict with
WMAP 3-years data, and if these were to be confirmed, it would be excluded.
The string contribution B =
(
δT
T
)
tot
/
(
δT
T
)
cs
is also a function of the coupling κ. It is
negligibly small for most of the parameter space and saturates the 10% bound for large values
of κ, which is the best interesting region for both ns and baryogenesis (see Sec. 4). It is shown
in figure 2 16.
Further details can be found in references 16,17.
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Figure 1: Left: CMB constraints on M as a function κ for N = 1, 3 (blue curves) and the 10% bound (pink
curve). Right: predictions for the spectral index ns as function of κ for N = 1, 3.
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4 Baryogenesis via leptogenesis at the end of inflation
Baryogenesis aims to explain the observed matter-antimatter asymmetry of the Universe. It
must take place after inflation, since any previously produced baryon asymmetry is washed-out.
Standard GUT baryogenesis is ruled out because any GUT scale produced baryon asymmetry
is erased by sphalerons transitions unless the universe possesses a B − L asymmetry e 22. A
primordial B−L asymmetry is naturally obtained in theories beyond the standard model which
contain gauged B − L via the out-of-equilibrium decay of heavy Majorana right-handed neu-
trinos 23. This scenario known has leptogenesis is perhaps the best particle physics motivated
model of baryogenesis. Thermal leptogenesis requires a symmetry breaking scale ∼ 1015 GeV
and a reheating temperature TR ∼ 1010 GeV 24. Such high reheating temperature leads to an
overproduction of gravitinos which decay lately and disrupt the predictions of nucleosynthesis.
When GGUT ,H ⊃ U(1)B−L and the Φ and Φ¯ fields entering the inflation superpotential
given by equation (1) are the B − L breaking Higgs fields, gauged B − L is broken at the end
of inflation and the strings which form at the end of inflation are the so-called B − L cosmic
strings 25. There are then two competing non-thermal scenarios for leptogenesis which take
place after inflation: from reheating during inflation 26 and from cosmic strings decay 18,25.
• Non-thermal leptogenesis during reheating
The B − L breaking Higgs field Φ which enters the inflationary superpotential Eq.(1)
gives a superheavy Majorana mass to the right-handed neutrinos (W ⊃ ΦNN or W ⊃
Φ2NN/mp) and reheating proceeds via production of heavy right-handed neutrinos and
sneutrinos. Right-handed (s)neutrinos decay into electroweak Higgs(ino) and (s)leptons
(W ⊃ HuLN), CP is violated through the one-loop radiative correction involving a Higgs
particle and by the self-energy correction, and lepton asymmetry is non-thermally produced
when the right-handed neutrinos are out-of-equilibrium, i.e. when TR < MNi . If TR >
MN1 , the lepton asymmetry produced is wash-out by L-violating processes involving right-
handed neutrinos until T < MN1 , where MN1 is the mass of the lightest right-handed
neutrino. IfMN1 > mΦ/2, where mΦ is the mass of the Higgs field in the true vacuum, the
inflaton cannot decay into right-handed neutrinos and reheating must be gravitational.
The resulting baryon asymmetry depends on the reheating temperature at the end of
inflation, which depends on the mass MNi of the heaviest right-handed neutrinos the
inflaton can decay into, on the symmetry breaking scale M which is constrained by CMB
data as a function of the coupling κ (see Sec. 3) and on the CP violating parameter 18.
• Non-thermal leptogenesis from cosmic strings decay
The strings which form at the end of inflation are the so-called B − L cosmic strings 25.
The main decay channel of B − L strings is into right-handed neutrinos and they also
lead to non-thermal leptogenesis 25,18. The resulting baryon asymmetry depends upon
the amount of energy loss by the network into right-handed neutrinos and on the density
of strings at the end of inflation; it also depends on the symmetry breaking scale M at the
end of inflation which is constrain by CMB as a function of κ 18.
Which of these two scenarios dominates depends on wether the inflaton decay into right-handed
neutrino is kinematically allowed and wether the lightest right-handed neutrino N1 is in thermal
equilibrium at reheating. Results, which take into account the CMB constraints derived in the
previous section, are shown in figures 3 and 4. Further details can be found in reference 18.
eSphalerons transition violate B + L and conserve B − L, where B and L are respectively number and lepton
number.
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wash out. Bottom Right: MN1 < TR, there is also a thermal contribution.
5 Conclusions
GUT which predict massive neutrinos are good candidates for hybrid inflation. Cosmic strings
form at the end of inflation and, if they stable down to low energy, they contribute to CMB
anisotropies together with inflation. The symmetry breaking scale is constrained by CMB data
to the range M ∈ [1014.5 − 1015.5] GeV and the relevant coupling κ ∈ [10−7 − 10−2]. Scalar
perturbations from inflation dominate for a large part of the parameter space and it might be
impossible to detect the strings using the temperature anisotropies of the CMB. They could
however be detected via the B-type polarization of the CMB5.
Hybrid inflation predicts a spectral index ns & 0.98. It is very difficult to get smaller values
except maybe by going to non minimal models 27; hence if the three year WMAP central value
ns = 0.951
+0.015
−0.019 were to be confirmed, hybrid inflation with minimal SUGRA could be excluded.
But even if scalar perturbations are dominated by scalar perturbations from inflation, tensor
perturbations (which are negligible for hybrid inflation) can nonetheless be dominated by tensor
perturbations from cosmic strings; this can allow a larger value of ns
4.
Finally, when B − L is broken at the end of inflation, baryogenesis via leptogenesis takes
place after inflation during reheating and/or via cosmic strings decay; which of the two scenarios
dominates depends upon the various parameters in the inflaton-neutrino sector.
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